ABSTRACT: Seventy-two barrows (Landrace × Large White, initial BW of 4.9 ± 0.3 kg and 17 ± 3 d old) were used to determine if dietary chito-oligosaccharides can replace antibiotics as a means to reduce signs associated with infection in weaned pigs challenged with Escherichia coli. Pigs were assigned to 1 of 4 treatments in a randomized complete block design using 6 pens per treatment with 3 pigs per pen. The treatments consisted of pigs fed the unsupplemented corn-soybean meal diet challenged or unchallenged with E. coli K88 and pigs fed the same diet supplemented with 160 mg of chitooligosaccharides or 100 mg of cyadox/kg and challenged with E. coli K88. On d 7, 1 group of pigs fed the unsupplemented diet, as well as all pigs fed diets containing chito-oligosaccharides or cyadox, were orally dosed with 30 mL of an alkaline broth containing E. coli K88. Another group of pigs fed the unsupplemented diet was orally dosed with 30 mL of sterilized alkaline broth. Fecal consistency was visually assessed each morning from d 7 to 14. Blood samples were collected at 0, 24, 48, and 168 h postinfection. On d 14 postchallenge, all pigs were killed to evaluate intestinal morphology and determine E. coli concentrations in the intestine. During the postchallenge period (wk 2), unsupplemented pigs challenged with E. coli had decreased (P < 0.05) BW gain, feed intake, fecal consistency, villus height, villus height:crypt depth ratio, and plasma IGF-1, and increased (P < 0.05) diarrhea incidence, E. coli counts in the intestine, plasma interleukin-1β, plasma IL-10, and IGA-positive cells in the jejunal and ileal lamina propria, compared with unchallenged pigs. Supplementation with cyadox largely mitigated these effects. Although chito-oligosaccharide reduced the incidence of diarrhea, the growth performance of E. coli-challenged pigs supplemented with chito-oligosaccharide was not better than that of unsupplemented pigs challenged with E. coli. Therefore, chito-oligosaccharide, at the amount used in this experiment, does not seem to be an effective substitute for antibiotics as a growth promoter for newly weaned pigs challenged with E. coli.
INTRODUCTION
Acute diarrhea caused by enteric diseases is a universal problem in newly weaned animals (Osek, 1999; Mao et al., 2005) . Although antibiotic therapy has been used to control diarrhea for many years, issues with bacterial antibiotic resistance may cause problems for human health (Bach Knudsen, 2001; Smith et al., 2002) .
Therefore, many functional substances are being tested as a means to control diarrhea in weaned animals (Correa-Matos et al., 2003; Wang et al., 2003 Wang et al., , 2007 .
Dietary oligosaccharides have been shown to improve performance and enhance host health status by modulating the intestinal microflora (Gibson and Roberfroid, 1995; LeMieux et al., 2003) . Furthermore, dietary oligosaccharides, such as chito-oligosaccharides, serve not only as a growth promoter for helpful bacteria (Lee et al., 2002) , but also effectively inhibit the growth and activity of pathogenic microorganisms (Tsai et al., 2000; Rhoades et al., 2006) .
Enterotoxigenic Escherichia coli K88 is a major cause of diarrhea and death in neonatal and weaned pigs (Francis et al., 1998) . Enterotoxigenic E. coli K88 can not only colonize in the small intestine, but also release enterotoxins to stimulate the epithelial cells to secrete fluid into the lumen of the gut to cause diarrhea (Gaastra and Graaf, 1982) . Weaning removes young pigs from passive immune protection from the milk of the sow and increases their susceptibility to enterotoxigenic E. coli infection (Barnett et al., 1989; Yuan et al., 2006) . The current experiment was conducted to test the hypothesis that dietary chito-oligosaccharide can replace antibiotics as a means of reducing infection-associated signs after E. coli K88 challenge in weaned pigs.
MATERIALS AND METHODS
The Animal Care and Use Protocol was approved by the China Agricultural University Animal Care and Use Committee.
Preparation and Composition of Chito-Oligosaccharide
The chito-oligosaccharide supplement (GlycoBio Company, Dalian, China) used in the current experiment was as described by Li et al. (2007) . The chitooligosaccharide supplement contained 40% chito-oligosaccharide and 60% cyclodextrin as a carrier. This chito-oligosaccharide was found to be composed of 5 oligomers identified as chitobiose, chitotriose, chitotetrose, chitopentose, and chitohexose, and the concentrations of these 5 oligomers were 2. 90, 12.55, 22.45, 29 .00, and 11.05% for chitobiose, chitotriose, chitotetrose, chitopentose, and chitohexose, respectively. The average molecular weight was 1,500 Da. Water solubility of the chito-oligosaccharide supplement was more than 99% (Li et al., 2007; Deng et al., 2008) .
Animals and Experimental Design
Seventy-two barrows (Landrace × Large White, initial BW of 4.94 ± 0.30 kg and 17 ± 3 d of age) were obtained from a commercial pig farm. Pigs were assigned to 1 of 4 treatments in a randomized complete block design. The treatments consisted of pigs fed the unsupplemented corn-soybean meal diet (Table 1) challenged or unchallenged with E. coli K88 and pigs fed the same diet supplemented with 160 mg of chito-oligosaccharides or 100 mg of cyadox (Veterinary Research Institute of Huazhong Agricultural University, Wuhan, China)/kg of diet and challenged with E. coli K88 (Hubei Zhongmu Anda Limited, Jubei, China). The cyadox is a new derivative of quinoxaline-1,4-dioxide, which is similar to carbadox and olaquindox but safer to animals than carbadox and olaquindox, it has been shown to be effective in reducing pathogenic bacteria such like E. coli K88 in pigs (Ding et al., 2006) . The supplementary amount of chito-oligosaccharide was selected based on the results of an earlier experiment where breakpoint analysis indicated that maximal BW gain could be obtained by supplementation with 158.8 mg of chitooligosaccharide/kg of diet . All diets were formulated according to the nutrient requirements suggested by NRC (1998) for 3-to 5-kg nursery pigs.
At 0800 h of d 7, 1 group of pigs fed the unsupplemented diet and pigs fed the diets supplemented with chito-oligosaccharide or cyadox were orally dosed with 30 mL of an alkaline broth containing 10 10 cfu/mL of E. coli K88 culture using an orogastric tube (Sarmiento et al., 1988) . The E. coli K88 (serotype O139:K88, resistant to oxytetracycline) was obtained from China Institute of Veterinary Drug Control (Beijing, China) and has been extensively used to create diarrhea in weaning pigs (Ding et al., 2006) . The enterotoxigenic E. coli was confirmed by PCR genotyping as genes expressing K88 fimbrial antigen and primarily cultured in Luria broth medium. The enterotoxigenic E. coli K88 was grown overnight in Luria broth agar plate at 37°C using 0.3 mL of inoculum from stock. Cells were then washed twice with 30 mL of sterilized saline solution (0.9%, pH 7.2), and then the suspension containing 10 10 cfu of E. coli K88 (calculated based on the optical density established by serial dilution before viable bacterial count) was used for oral challenge. Another group of pigs fed the unsupplemented diet were orally dosed with 30 mL of sterilized alkaline broth.
The experimental pigs were housed 3 piglets per pen in 180 × 170 cm raised weaner decks equipped with a mesh floor, and 6 pens were assigned to each treatment. The temperature of pig barn was controlled between 26 and 28°C with a 12-h light:dark cycle. A 1-way traffic path was implemented to avoid nonchallenged pigs coming in contact with challenged pigs. All pigs had free access to feed and water throughout the 2-wk feeding trial. Pigs and feeders were weighed at 0750 h on d 0, 7, and 14 to calculate BW gain, feed intake, and BW gain efficiency. Fecal consistency was visually assessed at 0800 h each morning from d 7 to 14, and diarrhea incidence was calculated based on the fecal consistency.
A 5-mL blood sample was obtained by vena cava puncture from 1 randomly selected pig per pen using a 9-mL clot activator tube (Greiner Bio-One GmbH, Kremsmunster, Austria) immediately before challenge, as well as at 24, 48, and 168 h postchallenge. Blood samples were centrifuged at 1,342 × g (Heraeus Biofuge 22R Centrifuge, Hanau, Germany) for 5 min at 4°C, and the serum samples were frozen immediately and stored at −20°C for later analysis for IL-1β, IL-10, and IGF-I.
At 0830 h on d 14, all pigs were humanely killed by exsanguination after electrical stunning. The small intestine was divided into 3 parts by cutting from the ligament of Treitz to the ileocecal valve. The contents of the jejunum, ileum, cecum, and colon were aseptically collected, pooled within pigs, and immediately immersed in liquid nitrogen and preserved at −80°C for later microbial analysis. A 2-cm section of the midjejunum and ileum were aseptically isolated, fixed with 10% formaldehyde-phosphate buffer, and kept at 4°C for microscopic assessments of mucosa morphology of IgA-positive cells.
Fecal Consistency and Diarrhea Incidence
Fecal consistency of each pig was visually assessed each morning by observers blinded to treatments using a modification of the method described by Sun et al. (2008) . Fresh excreta were ranked using the following scale: 0 = solid; 1 = semi-solid; 2 = semi-liquid; and 3 = liquid. The occurrence of diarrhea was defined as production of feces at level 2 or 3 for 2 continuous days. Diarrhea incidence (%) = the number of pigs with diarrhea in each pen × diarrhea days ÷ (3 pigs × 7 d) × 100%.
Assessment of Mucosa Morphology and IgA-Positive Cells
Formalin-fixed intestinal samples were prepared using paraffin embedding techniques. Sequential samples were sliced to 4-μm thickness and mounted on polylysine coated slides, de-paraffinized, and rehydrated. Five slides were stained with hematoxylin and eosin for assessment of mucosa morphology. Villus height, villus width, and crypt depth were measured under 10 × 40 magnification using a microscope (CK 40, Olympus Optical Company, Shenzhen, China). At least 15 well-oriented, intact villi were selected and measured in triplicate for each pig. Another 5 slides were used to recognize IgA-positive cells according to the method of Ding et al. (2006) .
Measurement of Hormones and Cytokines in Plasma
Plasma IL-1β and IL-10 were analyzed using commercially available swine ELISA kits (Biosource International Inc., Camarillo, CA, and R&D Systems Inc., Minneapolis, MN, respectively). The sensitivity of the kits was 15 pg/mL for both IL-1β and IL-10. The within-assay CV were less than 10% for both assays. Plasma IGF-I was also determined using a commercially available swine ELISA kit (Biocode S. A., Liege, Belgium). The sensitivity was 5 ng/mL, and the assay had a within-assay CV of less than 10%. All assays were counted in duplicate using a plate reader (Tecan Asia, Marine Parade, Singapore).
Microbiological Analysis
In vitro survival of E. coli was determined using the method described by Mikkelsen et al. (2003) with certain modifications. In brief, the frozen samples were warmed to 4°C for a 10-h incubation before enumeration. Thereafter, 1 g of digesta was taken from each sample and serially diluted 10-fold with sterile physiological saline, resulting in dilutions ranging from 10 . Escherichia coli were cultivated on MacConkey Agar (Beijing Haidian Microbiological Culture Factory, Beijing, China). Each dilution was counted in triplicate, and the result was expressed as the mean of the 3 replicates. All plates were incubated at 37°C for 36 h. The microbial enumerations were expressed as log 10 cfu per gram. Bacteria were enumerated by a visual count of colonies using the best replicate set from dilutions that resulted in 30 to 300 colonies per plate or tube.
Statistical Analyses
All the data were subjected to ANOVA suited for a randomized complete block design by using the GLM procedure (SAS Inst. Inc., Cary, NC). The pen was the experimental unit. Repeated measures analysis was conducted for fecal consistency, plasma IL-1β, IL-10, and IGF-I to account for differences over time postchallenge. Statistical differences among treatments were separated by Duncan's multiple-range tests. Results were expressed as least squares means and SEM. Probability values less than 0.05 were used as the criterion for statistical significance.
RESULTS

Pig Performance
During wk 1 (prechallenge), there were no differences in BW gain, feed intake, or gain efficiency among the treatments (Table 2) . During wk 2 (postchallenge), daily BW gain (P = 0.01) and feed intake (P < 0.05) were reduced in the unsupplemented-challenged pigs compared with the unchallenged pigs, whereas cyadox supplementation overcame this depression. Chito-oligosaccharide failed to improve BW gain or feed intake compared with the unsupplemented-challenged group. No treatment effects were observed for BW gain efficiency during wk 1 or 2.
Fecal Consistency and Diarrhea Incidence
Escherichia coli challenge decreased (P < 0.05) fecal consistency (Figure 1) . However, pigs fed chito-oligosaccharides and cyadox had improved fecal consistency compared with the unsupplemented E. coli-challenged pigs but not to the same extent as unchallenged pigs. The effects of treatment on diarrhea incidence from d 7 to 14 postchallenge are presented in Figure 2 . During wk 2 postinfection, unsupplemented pigs with E. coli challenge had greater (P < 0.05) diarrhea incidence than unchallenged pigs. Supplementation with chitooligosaccharide or cyadox reduced diarrhea incidence of challenged pigs compared with unsupplemented-challenged pigs but not to the same extent as unchallenged pigs (P < 0.05).
Histomorphology
Villus height and villus height:crypt depth ratio in the mid-jejunum and ileum were decreased (P < 0.05) by E. coli challenge, whereas dietary supplementation with cyadox mitigated the challenge-induced damage to the intestinal epithelium (Table 2) . Chito-oligosaccharide supplementation had no effect on intestinal morphology in the mid-jejunum but increased (P < 0.05) the villus-height-to-crypt-depth ratio in the ileum compared with the challenged, unsupplemented pigs. No difference was found in crypt depth among the treatments in the mid-jejunum or ileum.
Quantification of Hormones and Cytokines in Plasma
The effects of dietary treatment on plasma IL-1β, IL-10, and IGF-I concentrations at 0, 24, 48, and 168 h postchallenge are presented in Figure 3 . At 24 and 48 h postinfection, E. coli challenged-unsupplemented pigs had greater (P < 0.05) plasma IL-1β concentrations than unchallenged pigs. The plasma IL-1β concentrations for chito-oligosaccharide-supplemented pigs were intermediate to the challenged and unchallenged piglets, whereas values for cyadox-supplemented pigs did not differ from the unchallenged pigs. At 24 and 48 h postinfection, plasma IL-10 concentrations of all 3 E. coli challenged groups were greater (P < 0.05) than the unchallenged pigs, but there was no difference in the plasma IL-10 concentrations among the 3 challenged groups (Figure 3) . At 24 h postchallenge, plasma IGF-I concentrations of pigs from all 3 challenged groups were less (P < 0.05) than unchallenged pigs. Values for pigs in the cyadox-supplemented treatment were greater (P < 0.05) than challenged-unsupplemented pigs but still less than unchallenged pigs. At 48 h postinfection, plasma IGF-I concentrations of the chito-oligosaccharide and cyadox pigs increased to the concentration of unchallenged pigs and were greater (P < 0.05) than unsupplemented-challenged pigs.
IgA-Positive Cells
Pigs in the challenged-unsupplemented group had greater (P < 0.05) IgA-positive cell numbers in the jejunal and ileal lamina propria than pigs assigned to the other 3 treatments (Figure 4 ). There were no differences in IgA-positive cell numbers between the unchallenged pigs and the E. coli-challenged pigs fed diets supplemented with chito-oligosaccharide and cyadox.
Microbiological Analysis
Treatment effects on concentrations of E. coli in the jejunum, ileum, cecum, and colon contents are presented in Table 3 . Escherichia coli challenge increased (P < 0.05) E. coli concentrations in the jejunum, ileum, cecum, and colon compared with nonchallenged pigs. Cyadox supplementation prevented the increase (P < 0.05) in E. coli concentration in the cecum and colon, but not the jejunum or ileum. Chito-oligosaccharide reduced (P < 0.05) E. coli concentrations in the cecum but not the other parts of the intestine compared with unsupplemented-challenged pigs.
DISCUSSION
The results of the current experiment are in close agreement with previous observations showing that the performance of weaned pigs is impaired by enterotoxigenic E. coli K88 challenge (Bosi et al., 2004; Ding et al., 2006; Jensen et al., 2006) . However, supplementation of the diet of early-weaned pigs challenged with E. coli with cyadox reduced recovery time and improved challenge-induced signs as indicated by attenuated growth depression, decreased diarrhea incidence, reduced intestinal mucosal damage, decreased jejunum, and ileum IgA-positive cell numbers, and increased plasma hormone and cytokine concentrations.
Oligosaccharides, mainly fructooligosaccharides and mannanoligosaccharides, have previously been added to pig diets with varying degrees of success (White et al., 2002; Smiricky-Tjardes et al., 2003; Yuan et al., 2006) . In the present experiment, dietary supplementation with chito-oligosaccharide alleviated some, but not all, of the signs associated with infection of weaned pigs challenged with E. coli.
The most obvious change was an improvement in fecal consistency and reduced incidence of diarrhea. Diarrhea caused by infectious disease is a serious problem Means in the same row with different superscripts differ (P < 0.05). Within each day, means without the same letter differ, P < 0.05. in weaned animals, which usually leads to an increased mortality rate (Glass et al., 1991; Osek, 1999) . The rationale behind the present experiment originated from the observation that dietary oligosaccharides improved animal performance and enhanced host health status by modulating the types of intestinal microbiota (Gibson and Roberfroid, 1995) . Oligosaccharides have been shown to reduce the number of pathogenic bacteria such as E. coli and Salmonella typhimurium (LeMieux et al., 2003; Wang et al., 2003) and increased the numbers of beneficial bacteria such as Lactobacilli (Oli et al., 1998) . These changes in the intestinal bacterial population are associated with decreased incidence of diarrhea (Oli et al., 1998) . In the present experiment, reductions in E. coli were observed in the cecum of chito-oligosaccharide treated pigs, but E. coli numbers in other parts of the intestine were not different from untreated-challenged pigs or untreated-unchallenged pigs.
The decreased intestinal E. coli concentration in the cecum of weaned pigs fed with the chito-oligosaccharide might be due to 1 or more of the following reasons. First, N-acetyl glucosamine is a basic component of the structure of chito-oligosaccharide (Kim and Rajapakse, 2005) , and is also a component of intestinal mucins (Podolsky, 1985) that serve as a receptor when bacteria bind to the gut of the host (Klemm and Schembri, 2000; Ofek et al., 2003) . Therefore, chito-oligosaccharide comprised of N-acetyl glucosamine may bind to certain types of bacteria (Klemm and Schembri, 2000; Ofek et al., 2003) and possibly interfere with their adhesion in mammalian cells (Stanley et al., 2000; Rhoades et al., 2006) . Second, chito-oligosaccharide can serve as a fermentable substrate for beneficial intestinal bacteria (Lee et al., 2002; Huang et al., 2005; Li et al., 2007) , which may induce increased organic acid production to reduce intestinal pH (Gidenne, 1996; Mikkelsen et al., 2003) . Therefore, the decreased intestinal pH will minimize intestinal pathogen concentration and alleviate postweaning diarrhea in young animals (Peeters et al., 1995; Mourāo et al., 2006) .
Villus:crypt ratio represents the nutrient digestion and absorption capacity of the small intestine (Pluske et al., 1996; Montagne et al., 2003) . In the current experiment, dietary supplementation of chito-oligosaccharide increased the villus:crypt ratio in the ileum overcoming the damage caused by the E. coli-challenge. These results are consistent with previous studies in broilers (Wang et al., 2003) and rats (He et al., 2006) . Other oligosaccharides, including mannan-oligosaccharides and fructo-oligosaccharide, have also been effective in improving gut morphology in turkeys (Savage et al., 1996) and pigs (Spencer et al., 1997) .
Proinflammatory cytokine response to immunological challenge is an important criterion reflecting the extent of cellular immunity (Johnson, 1997) . Overproduction of cytokines such as IL-1β not only causes redistribution of nutrients away from the growth processes in support of the immune system (Wannemacher, 1977) , but also inhibits IGF-1 mRNA expression (Thissen and Verniers, 1997) , which reduces feed intake (Liu et al., 2003) . In the present study, it was observed that dietary supplementation of chito-oligosaccharide attenuated the challenge-induced changes in plasma IL-1 and IGF-1. Tang et al. (2005) previously reported increases in IGF in pigs treated with oligosaccharides.
The concentrations of IgA-positive cells have been used as a sensitive indicator of intestinal immune responses after 1 wk of E. coli oral challenge (Ahren et al., 1998) . Pathogenic bacteria increase production of IgA-positive cells (Ding et al., 2006) . In the current experiment, we found that E. coli-challenged pigs had increased jejunum and ileum IgA-positive cells compared with nonchallenged pigs, but chito-oligosaccharide prevented this increase.
We have previously studied the effects of chito-oligosaccharides on the performance of unchallenged weaned pigs . Diets fed to weaned pigs were supplemented with 0, 100, 200, and 400 mg of chitooligosaccharides/kg and 100 and 200 mg of chito-oligosaccharides/kg improved both growth and BW gain efficiency. Broken-line analysis indicated that the chito-oligosaccharide quantity that maximized BW gain was 158.8 mg/kg, and that was the basis for choosing the amount of chito-oligosaccharide used in the present study. However, using E. coli-challenged pigs, 160 mg of oligosaccharide/kg did not improve growth or BW gain efficiency. Whether larger amounts would effectively (CYX) . The occurrence of diarrhea was defined as production of feces at level 2 = semi-liquid or level 3 = liquid for 2 continuous days. Diarrhea incidence (%) was defined as the number of pigs with diarrhea in each pen × diarrhea days ÷ (3 pigs × 7 d) × 100%. Data are means ± SEM.
a-c Means without common letters differ, P < 0.05. improve performance in E. coli-challenged pigs is not known and requires further study.
In conclusion, dietary supplementation with 160 mg of chito-oligosaccharide/kg reduced incidence of diarrhea and alleviated many of the signs associated with infection in weaned pigs challenged with E. coli. However, the performance of E. coli-challenged pigs supplemented with chito-oligosaccharide was not better than that of unsupplemented pigs challenged with E. coli. Therefore, chito-oligosaccharide, at the amounts used in the present experiment, does not seem to be an effective substitute for antibiotics as a growth promoter for recently weaned pigs when subjected to bacterial challenge. 
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